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Fiber reinforced composite materialsLaminated carbon/epoxy specimens are loaded in anti-plane shear to investigate the relationship
between near-tip matrix crack formation and the apparent mode III delamination toughness. Specimens
are tested with different insert lengths to various load levels and examined fractographically. Near-tip
matrix cracks are found to initiate and propagate intralaminarly before the onset of planar growth. These
cracks are inclined at approximately 45 to the delamination plane and are perpendicular to the direction
of maximum near-tip tensile stress. It is found that this represents an intrinsically coupled sequence of
events for anti-plane shear loading of continuous ﬁber laminated polymeric composites when a preexist-
ing delamination is bounded by plies that have their ﬁber direction aligned with the direction of macro-
scopic advance. This sequence of events violates the assumptions used in the reduction of data from
common mode III tests. It therefore invalidates the associated toughness measurements, and may
account for or strongly contribute to the common observation that laminated polymeric composites exhi-
bit an apparent mode III delamination toughness that is dependent on test geometry.
 2014 Elsevier Ltd. All rights reserved.1. Introduction
The establishment of a test method to determine the mode III
delamination toughness, GIIIc, of laminated polymeric matrix com-
posite materials that is widely accepted as both accurate and
reproducible remains an elusive goal. Considering those proposed
methods that have been shown to produce essentially pure anti-
plane shear loading and that have been the subject of a reasonable
amount of study, the key issue which has emerged is that the
apparent value of GIIIc, i.e., the value that one measures by the pro-
posed test and associated data reduction method, is dependent
upon test geometry. This has been demonstrated through a depen-
dence of the apparent GIIIc on the length of the delamination (John-
ston et al., 2014; Browning et al., 2011; Szekrényes, 2011, 2009; de
Morais et al., 2009; Pennas et al., 2007; Li et al., 2004; Ratcliffe,
2004) and, for the edge crack torsion test, on the length of the over-
hang (Browning et al., 2011). It follows that these tests do not yield
a true material property and, as such, are not yet suitable for adop-
tion. Efforts to address this issue have considered modiﬁcations to
the various test ﬁxtures, specimen geometries, and data reduction
methods. However, despite extensive and careful examinations,
the problem remains.Considering that the observed dependence of the apparent
toughness on geometry occurs using essentially all anti-plane
shear tests that have been developed for laminated polymeric
composites, an alternative explanation would be that there is some
other mechanism, perhaps intrinsic to mode III testing of these
materials, which is not yet understood. To examine this possibility,
it is useful to consider a broader spectrum of materials, methods
and results, beginning with those for brittle homogeneous solids.
Here, rather than a planar ‘‘mode III extension’’ as is commonly as-
sumed to occur in the proposed mode III delamination toughness
tests, crack growth initiates through the development of an array,
or echelon, of parahelical cracks that are distributed along the ori-
ginal crack front (Goldstein and Osipenko, 2012; Li et al., 2011; Pal-
aniswamy and Knauss, 1978; Knauss, 1970). These cracks are
oriented at a 45 angle to the original crack plane, such that they
are perpendicular to the direction of maximum tensile stress asso-
ciated with the original mode III near-tip stress ﬁeld. Macroscopic
advance of the original planar crack consists of the extension and
ultimately coalescence of these parahelical cracks. This discontinu-
ous surface evolution occurs in essentially the same manner in
rock formations subjected to anti-plane shear loading, where it is
typically referred to as ‘‘echelon cracking’’ (e.g., Goldstein and Osi-
penko, 2012; Lin et al., 2010; Pollard et al., 1982; Roering, 1968). It
is also similar – and closely related to – that which has been
observed in mixed mode I–III fracture of homogenous materials,
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Fig. 1. Schematic of the SST test (a) loading, (b) method of load introduction.
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described as a combination of crack front rotation and segmenta-
tion (Leblond et al., 2011; Pons and Karma, 2010; Lin et al., 2010;
Lazarus et al., 2001; Hull, 1995).
It is quite possible that similar mechanisms to those described
above occur in laminated polymeric composites when the compos-
ite ply orientation is such that the plies bounding the delaminated
interface have their ﬁbers aligned with the intended direction of
mode III growth; that is, when the ﬁbers are oriented in a manner
that will not constrain the formation of parahelical cracks. Evi-
dence of this was apparently ﬁrst observed in modiﬁed split canti-
lever beam (MSCB) specimens via post-test fractographic
examinations of the delamination plane (Sharif et al., 1995). These
cracks were referred to as ‘‘shear crevices’’ and were stated to be
normal to the plane of maximum tension. Cracks of this type were
ﬁrst observed independently in edge crack torsion (ECT) specimens
by Ratcliffe (2004) and Li et al. (2004). Li et al. (2004) tested glass/
epoxy specimens and performed a post-test fractographic exami-
nation of the delamination plane, similar to that done for the MSCB
specimens described above. This resulted in the observation of
‘‘intralaminar cracks’’ in the plies immediately adjacent to the
plane of the delamination and the conclusion that ‘‘these may pos-
sibly contribute to the apparent GIIIc value’’. Comparable observa-
tions were made in carbon/epoxy edge crack torsion (ECT)
specimens via x-radiographic imaging (Ratcliffe, 2004). This was
referred to as ‘‘splitting’’ of the plies immediately adjacent to the
plane of the delamination, and it was concluded that the associated
data was not characterizing mode III fracture.
The present work is part of a collaborative study (Czabaj et al.,
2014) to evaluate the potential inﬂuence of the near-tip matrix
cracking described above on the perceived toughness in common
mode III delamination toughness tests. In Czabaj et al. (2014), this
is achieved using the ECT test, whereas the present work studies
this issue using the recently introduced split shear torsion (SST)
test. Here, we build on preliminary ﬁndings using this test, where
post-test fractographic examinations revealed near-tip matrix
cracks of the type described above (Johnston et al., 2012). These
cracks initiated at the end of the Teﬂon insert, but were oriented
at approximately 45 to this plane, and extended into the un-
cracked region ahead of the insert as well as into the plies above
and below the plane of the delamination. The distribution and ori-
entation of these matrix cracks across the specimen’s width was
quite similar to the echelon crack arrays described above. How-
ever, these observations were made using SST specimens in which
delamination growth had already occurred, and therefore did not
provide any information on whether the matrix cracks initiated be-
fore, concurrently with, or subsequent to the initiation of planar
delamination advance. If these cracks initiate prior to or concur-
rently with planar growth, then this would indicate that delamina-
tion initiation and growth is actually quite different from the mode
III planar advance that is generally assumed.
In view of the above, the ﬁrst goal of this investigation is to as-
sess whether the matrix cracks that have been observed at the
delamination front in delaminated SST specimens are already pres-
ent when delamination advance initiates. The second, related goal
is to assess the speciﬁc progression of ‘‘damage,’’ used here to de-
note the accumulation and growth of matrix cracks and their inter-
action with the original delamination front that is associated with
what has heretofore been considered mode III growth. The third
and ﬁnal goal is to relate these ﬁndings to observations of the
apparent mode III toughness from SST tests and, to whatever ex-
tent possible, other mode III delamination toughness tests. We
point out that these goals as well as the methods used were
strongly inﬂuenced by the collaborative work of Czabaj et al.
(2014), and the efforts and ﬁndings in this companion study on
the ECT were essentially coincident with those described herein.2. Experimental methodology
2.1. Test and specimen geometries
Fig. 1 presents schematic representations of the SST test and the
associated method of load introduction (Johnston et al., 2014,
2012). As shown in Fig. 1a, both a shear load and a restoring torque
are applied to the specimen remote from the crack tip. Here, the
restoring torque is simply the reaction torque for the test ﬁxturing
to maintain the boundary condition that the slopes of the tabbed
portions of the specimen, h, equal zero. Thus, the test may readily
be performed in a uniaxial load frame. The idea of a shear load and
restoring torque is conceptually similar to the loading conﬁgura-
tion utilized by the MSCB, which was developed from the observa-
tion that the original split cantilever beam test (Donaldson, 1988)
did not produce a state of pure anti-plane shear; rather, it pro-
duced signiﬁcant mode II components along the outer portions of
the delamination front (Martin, 1991). The addition of the restor-
ing torque was shown to produce conditions along the majority
of the delamination front that were pure mode III, with a limited
amount of mode II conﬁned to the regions near the laminate’s
edges (Martin, 1991). In the MSCB test, the shear load and restoring
torque are applied via a pin loading arrangement along the cracked
edges of the laminate (Szekrényes, 2011, 2009; Sharif et al., 1995).
In the SST, these are applied via load tabs that are bonded to the
specimen and which are constrained to enforce a zero slope condi-
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somewhat simpler and also allows thinner specimens to be tested
than the MSCB.
As indicated in Fig. 1b, the SST loading is introduced via load
blocks, bolts and load tabs. One load block is ﬁxed against rotations
and translations and is attached to the load cell. The load cell is
near the top of the load frame and for this reason this will subse-
quently be referred to as the ‘‘upper’’ load block. The other load
block is free to translate vertically and is ﬁxed in all other respects.
It is attached to the actuator, and is subsequently referred to as the
‘‘lower’’ load block. Prior to the test, the location of this lower load
block may be adjusted in the z-direction via slots in order to
accommodate specimens of various thicknesses. Both load blocks
contain two through-holes that are closely sized for bolts. These
bolts transfer the load from the load blocks into load tabs that
are bonded to the specimen. The offset pattern of the bolt holes
is to facilitate the simultaneous transfer of the restoring torque re-
quired to enforce the zero slope boundary condition onto the load
tabs and specimen.
A photograph of the end of an SST specimen with bonded load
tabs is presented in Fig. 2. Each load tab contains two threaded bolt
holes for attachment to the load blocks. These holes are positioned
such that their outer edges are as close to the specimen as possible
without contacting it. The load tabs are 32 mm long (x-direction,
Fig. 1)  51 mm high  6.25 mm thick and are bonded to the spec-
imen using Hysol EA 9309.3 NA adhesive. This is a two-part epoxy
containing 0.13 mm diameter glass beads to enforce a consistent
and uniform thickness bond line.
We point out that the photograph of the load tabs of Fig. 2
shows a different design than in previous works (Johnston et al.,
2014, 2012), where bolts between the load blocks and load tabs
were not used. Rather, load transfer was achieved via load pins that
were press-ﬁt into the load blocks and were mated to semi-circular
machined cut-outs in the load tabs. However, it was found that,
due to small specimen-to-specimen variations in load tab machin-
ing, each specimen underwent small rotations while the load pins
‘‘seated’’ i.e., while they achieved full contact within each semi-cir-
cular load tab cut-out with increasing load. This resulted in a
somewhat nonlinear load versus deﬂection response at low loads
and is what motivated the load tab and load block redesign, which
better enforces the desired zero slope boundary condition within
the tabbed region.
Finally, one complicating factor in anti-plane shear testing of
ﬂat, ﬁnite-width specimens is the inherent coupling of mode II
and mode III that occurs at a free surface (Buchholz et al., 2004;
Dhondt et al., 2001; Nakamura and Parks, 1989; Bazˇant and
Estenssoro, 1979). Davidson and Sediles (2011) addressed this is-
sue by introducing small edge delaminations in specimens that
are quite similar to those described herein and which were thenFig. 2. SST specimen with load tabs.tested in mode III using the shear–torsion–bending test. They
showed that the edge delaminations eliminated the free edge sin-
gularity and resulted in a predominantly mode III energy release
rate (ERR) distribution across the specimen’s width. The need for
edge delaminations in SST specimens was subsequently studied
by Johnston et al. (2014, 2012). These works showed that, when
edge delaminations were present, delamination advance initiated
essentially simultaneously across the full-width of the specimen.
Conversely, in the absence of edge delaminations, growth initiated
in the center portion of the specimen which experienced pure
mode III conditions. When these different modes of advance were
accounted for, essentially identical values of toughness were ob-
tained from both specimen types. Specimens without edge delam-
inations are signiﬁcantly easier to manufacture, and for this reason
all tests performed for this work use a non-edge delaminated
geometry. That is, the preimplanted insert that creates the delam-
ination extends across the specimen’s full width.
2.2. Specimen preparation and modulus testing
This study used primarily unidirectional 26 ply IM7/977-3 test
specimens with nominal thicknesses of 2h = 3.3 mm, which was
chosen based on the results in Davidson and Sediles (2011) and
Johnston et al. (2014). Additionally, a small number of tests were
conducted using unidirectional 24 ply IM7/8552 test specimens,
which produced specimens that had a thickness of 2h = 3.0 mm.
All specimens used in this study were nominally sized to have
widths, B, of 25.4 mm and delamination lengths, a, from 32 to
76 mm.
All IM7/977-3 test specimens were fabricated at the Syracuse
University Composite Materials Laboratory (SU-CML) using an
autoclave and the manufacturer’s recommended cure cycle. The
fabrication procedure generally followed that described in John-
ston et al. (2014). Here, two 12.7 lm thick Teﬂon sheets were cut
into rectangles and placed at the midplane of a 305  305 mm
plate during manufacture. The sheets were oriented orthogonally
to the ﬁber direction. One sheet was located at each end of the lam-
inate to create the desired insert lengths. Plates were debulked
after the 8th and 16th plies. This was done to address an issue of
somewhat large porosity that was observed in previous specimens
(Johnston et al., 2014). Two plates were fabricated in this manner,
after which they were cut parallel to the ﬁber direction (perpendic-
ular to the Teﬂon inserts) into ten 25.4 mm wide strips. Each of
these strips contained a Teﬂon insert at each end, thereby produc-
ing 20 specimens. One IM7/8552 plate was fabricated at NASA
Langley Research Center in a hot press following essentially the
same procedure, except that it contained a Teﬂon insert at one
end only. Thus, this plate was cut into 10 specimens.
After cutting, an alignment jig was used to bond the specimens
to rectangular, machined low-carbon steel load tabs. To this end,
the threaded bolt holes in the tabs were secured to two sides of
the jig, and a specimen was sandwiched between them. Alignment
rails were used to orient the specimen correctly with respect to the
load tabs. After tabbing, specimens were c-scanned to obtain a pre-
test scan of the delamination front. All specimens were scanned a
second time after testing. Both of these scans included the tabbed
region, which acted as a common datum to compare images. This
provided a determination of whether or not the crack front ad-
vanced and, in those instances where growth did occur, to ascer-
tain the shape of the new delamination front. Post-test
destructive assessments were also conducted on a number of spec-
imens, the details of which are described subsequently.
As will be discussed in Section 2.4, the data reduction method
used for the SST test is sensitive to the values of the axial and shear
moduli. Thus, in addition to obtaining SST specimens, two speci-
mens were cut from the non-delaminated portion of each plate
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following ASTM Standard D3039 (2008). Relatively little variation
was observed within or, for IM7/977-3, between plates. Compari-
son to previous IM7/977-3 plates fabricated at the SU-CML (John-
ston et al., 2014; Davidson and Sediles, 2011), produced
coefﬁcients of variation (CVs) on the order of 2%. Testing to deter-
mine the shear modulus (G12) followed ASTM Standard D5379
(2005) and also produced relatively tight distributions, with CVs
on the order of 6%. For IM7/977-3, E11 = 163.8 GPa and
G12 = 4.95 GPa. For IM7/8552, E11 = 187.2 GPa and G12 = 7.33 GPa.2.3. Test procedures
Fig. 3a presents a photograph of the front view of the SST ﬁxture
containing a specimen. A small amount of the (pink) adhesive used
to bond the load tabs is evident just outside of the gripping
arrangement. The tabbed specimen is sandwiched in-between
two load block/grip assemblies. These are integral units, each of
which contains two bolt holes and a backing plate that presses
against the outer surface of the load tab. The upper assembly con-
nects to the load cell and remains stationary during testing. The
lower assembly is mounted to a platen that connects to the actua-
tor and is displaced downwards during the test. As shown in the
ﬁgure, this lower load block/grip assembly is bolted to the platen
through slots. This allows it to slide during specimen installation
and thereby to accommodate specimens of different thicknesses.
Fig. 3b shows the view looking from the left side of Fig. 3a. The
upper load block/grip assembly and its attachment to the load cell
adapter are visible in the left of the ﬁgure. The lower load block/
grip assembly is to the right and attaches to the platen. The proce-
dures to install specimens into the grips were developed to maxi-
mize reproducibility. A specimen is initially bolted loosely into the
upper grip. The lower (platen-mounted) grip is then slid into place
until its bolt holes mate with the threaded holes in the tabs, and
the lower backing plate contacts the tab. The location of the lower
grip is then ﬁxed such that no gaps are observable between each
load tab and its associated backing plate and that there is little(a) 
(b) 
Platen
Bolt
Specimen
Lower load 
block/grip
Upper load 
block/grip
y
x
z
Platen
Load tab
Specimen
Lower load 
block/grip
Upper load 
block/grip
Bolt
y
z
Fig. 3. SST test ﬁxture setup (a) front view, (b) side view.or no through-thickness compression acting on the cracked region.
The specimen is then bolted tightly into the lower grip, after which
the bolts attaching the upper grip to the tabs are tightened.
All tests were performed under displacement control at a rate of
2.0 mm/min for loading and 3.8 mm/min for unloading. During
testing, load was measured using the load cell attached to the
upper grip, while displacement was measured using the actuator.
This approach was validated in a previous study (Johnston et al.,
2014), where displacements of the cracked legs were also mea-
sured by a linear displacement transducer. It was found that the
measurements by the transducer were essentially the same as
those from the actuator, indicating the desired zero slope boundary
conditions were maintained for all specimens tested and that the
displacement transducer was unnecessary.
2.4. ERR determination
A compliance calibration technique was considered for data
reduction when the SST test was ﬁrst introduced (Johnston et al.,
2012). However, this approach could not be implemented due to
the small deﬂections in the test, the need to use load tabs to avoid
signiﬁcant local deformations in the composite specimen, and a
small amount of nonlinearity that occurs in the load versus dis-
placement response (Johnston et al., 2014, 2012). This latter issue
was mitigated by the redesign of the load blocks and load tabs de-
scribed previously. Even with these modiﬁcations, however, it is
unclear whether a multi-specimen compliance calibration tech-
nique, as used for the ECT (Browning et al., 2011; de Morais
et al., 2009; Pennas et al., 2007; Ratcliffe, 2004), would be accurate.
As such, in this work the original, ﬁnite element-based approach to
data reduction for the SST test (Johnston et al., 2014, 2012) is
utilized.
Finite element (FE) analyses conducted for this work utilized
essentially the same model and mesh as that used in Johnston
et al. (2014); only the mesh in the region of the load tabs was mod-
iﬁed to reﬂect the new design presented herein. The mesh uses 20
noded quadratic brick elements, and builds on the original FE work
performed for the STB (Davidson and Sediles, 2011). ERRs are com-
puted along the delamination front using the virtual crack closure
technique. As described in Johnston et al. (2014), a series of mesh
reﬁnement studies showed that the FE predictions were insensitive
to the mesh used, and that this mesh was sufﬁciently reﬁned to
capture the variation in ERR across the specimen’s width.
Fig. 4 presents a plot of local normalized mode II and III ERR
components across the width of an SST specimen. The mode com-
ponents are normalized to the total average ERR (Gavg), deﬁned as
the average value for the full width of the specimen (Davidson and
Sediles, 2011). The mode I component is negligible and is therefore
not presented. There is little change in the results of Fig. 4 over the
range of delamination lengths used in this work, and these results0.0
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Fig. 5. Typical load versus deﬂection plot.
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butions at all delamination lengths are predominantly mode III.
The value of GIII-avg/Gavg for specimens with delamination lengths
of a = 76 mm is 0.98, where GIII-avg is the average mode III ERR
for the full width of the specimen, and GIII-avg/Gavg increases with
decreasing delamination length. Fig. 4 shows that GIII is a maxi-
mum at the center of the width and decreases near the free edges.
The mode II ERR is essentially zero in the central portion of the
specimen and remains insigniﬁcant across the majority of the
specimen’s width. Large values of mode II (single symbol) at each
edge are conﬁned to the outermost 0.5–1% of the specimen’s width
and do not inﬂuence growth (Johnston et al., 2014).
Similar to that reported for MSCB tests (Szekrényes, 2011,
2009), the distribution of ERR across the specimen’s width shown
in Fig. 4 indicates that delamination advance will initiate in the
center of the specimen. This has been veriﬁed experimentally
(Johnston et al., 2014) and indicates that delamination advance oc-
curs under pure mode III conditions. Moreover, in contrast to the
MSCB, there is a ‘‘plateau’’ in the load versus displacement re-
sponse that corresponds to delamination initiation in the SST
(Johnston et al., 2014). This makes the load corresponding to
delamination onset relatively easy to determine. Thus, considering
Fig. 4, delamination toughness is calculated using the peak value of
the local ERR (GIII-pk), i.e., at the center of the specimen, computed
at the delamination onset load. Fundamentally, this is determined
using the FE results. However, rather than perform a FE analysis of
each individual specimen, an approach is adopted that is analogous
to that used in Davidson and Sediles (2011) and Johnston et al.
(2014). Here, the equation developed for the mode III ERR in an
STB specimen is modiﬁed to yield:
GIIIpk ¼ CfðaÞ P
2
B2hG12
0:66þ 1:15
ﬃﬃﬃﬃﬃﬃﬃ
G12
E11
s !
ð1Þ
In the above, Cf (a) is a correction factor that depends on delam-
ination length. It is extracted from a FE analysis of a single speci-
men at each delamination length such that GIII-pk given by Eq. (1)
agrees with the corresponding FE prediction. The primary beneﬁt
for a single material is that this allows the speciﬁc values of width,
B, and thickness, 2h, to be utilized for each specimen tested. Fur-
ther, it allows specimens of other materials and/or thicknesses to
be tested, providing that the same delamination lengths are used.
The validity of Eq. (1) has been veriﬁed over a range of material
and geometric properties for both SST and STB geometries (John-
ston et al., 2014; Davidson and Sediles, 2011) and was also vali-
dated as part of this study.
Following the above procedure for the specimens considered
herein yielded Cf = 1.93 for a = 32 mm, Cf = 2.84 for a = 54 mm,
and Cf = 3.76 for a = 76 mm. These values are used subsequently
along with Eq. (1) to determine GIII-pk as a function of the applied
load, P, and to determine the apparent value of GIIIc. This is taken
as the value of GIII-pk when P = Pc, where Pc is deﬁned to be the
‘‘critical value,’’ i.e., the delamination onset load. We point out that
the correction factors presented above are approximately 2% differ-
ent from those given in Johnston et al. (2014) due to the modiﬁed
load block and load tab designs.
2.5. Evaluation procedures
SST tests were performed at three nominal delamination
lengths: a = 32, 54 and 76 mm. Some of these specimens were
tested to the critical fracture load, Pc. These are referred to as
‘‘toughness test specimens’’ because they were used to determine
the apparent toughness at the various delamination lengths. Other
tests were stopped at a lower load, i.e., before delamination oc-
curred. These are referred to as ‘‘damage progression specimens’’because they were used to investigate the progression of damage
leading up to delamination. As described previously, a c-scan was
performed subsequent to all tests. In specimens tested to fracture,
the c-scan served to verify that delamination advance occurred
over the majority of the specimen’s width. In damage progression
specimens, the c-scan was used to conﬁrm that no delamination
advance had occurred.
Both toughness test specimens and damage progression speci-
mens were sectioned for microscopic examination after testing.
Toughness test specimens were sectioned in order to compare to
previous results (Johnston et al., 2014), where matrix cracks were
visible in the region of delamination advance in IM7/977-3 speci-
mens cut from a different plate. These previous specimens had
somewhat large porosity, and were tested using an earlier load
tab design. As these earlier observations motivated the present
study, it was important to determine whether cross-sections with-
in the specimens tested herein – which were manufactured using
the debulking procedure and which used the new load tab design
– appeared essentially the same. Thus, a transverse cut exposing
the y–z plane (cf. Fig. 1) was made in these specimens just ahead
of the original Teﬂon insert in the newly delaminated region. This
corresponded to the location of the section cuts made in Johnston
et al. (2014). Damage progression specimens were also cut trans-
versely to expose a y–z plane. This was done in order to assess
whether matrix cracking occurred prior to delamination advance
and, if so, its extent. To this end, damage progression specimens
were sectioned in the region of the Teﬂon insert and fairly close
to its end. Each cross section was then carefully ground until the
visible plane was the same as the end of the Teﬂon insert. For both
specimen types, the cut sections were potted in epoxy, polished,
and cleaned according to Geels (2007). These cross sections were
then examined using optical microscopy and photomicrographs
were taken. If it was desired to obtain images further ahead of
the initial cross section, the potted specimen was ground, then pol-
ished and cleaned repeatedly, allowing multiple planes to be
imaged.3. Apparent GIIIc testing
Fig. 5 presents a typical load versus deﬂection plot for an SST
test of a specimen with delamination length a = 31.8 mm. Similar
ﬁgures are obtained for all delamination lengths and either mate-
rial. The load versus deﬂection response is reasonably linear for the
majority of the test. There is some nonlinearity prior to the peak
load in the test, and the curve displays a decreasing slope up until
a ‘‘load plateau’’ is reached (Johnston et al., 2014, 2012). This load
plateau corresponds to the initiation and propagation of mode III
growth, and is thus the critical load, Pc, for fracture. This was
veriﬁed experimentally using a process where specimens were
Table 2
Damage progression test stopping points for IM7/977-3.
Spec. Delam. length
(mm)
Apparent GIII
at test stop (J/m2)
Percent of
apparent GIIIc
I14-10B 31.8 581 76
I14-9B 31.8 601 79
I13-11B 31.8 608 80
I14-12B 31.8 638 84
I13-9T 76.2 343 73
I14-3T 76.2 413 88
I13-10T 76.2 427 91
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nation front (Johnston et al., 2014). No delamination growth oc-
curred until the load plateau. A portion of this study also showed
that delamination growth always initiates in the center of the spec-
imen. In the present study, tests were always stopped as soon as
the load plateau was reached in order that additional damage
caused by the loading would not be induced after macroscopic ad-
vance had initiated. For this reason, there is not clear evidence of
the plateau in Fig. 5, but continuation of the loading on any spec-
imen in this study would produce results similar to those pre-
sented by Johnston et al. (2014), where the plateau region is
more evident, without any signiﬁcant change to the peak load.
Fig. 6 presents the apparent GIIIc values obtained from the IM7/
977-3 toughness tests. These data were obtained from tests of 14
specimens that were cut from the two different plates (I13 and
I14) of this material. A trend of decreasing apparent toughness
with increasing delamination length is clearly seen and is similar
to that observed in previous studies using the SST test (Johnston
et al., 2014). The average values for apparent GIIIc along with the
associated CVs are presented in Table 1. We point out that these re-
sults are somewhat lower than those presented in Johnston et al.
(2014) for the same material and delamination lengths. This is
likely due to the change in load tab and load block design. The cur-
rent design is closer to a true zero slope boundary condition within
the tabbed region which, consistent with a comparison between
the results herein and those reported previously, would yield a
change in perceived toughness that is more pronounced at shorter
delamination lengths. Alternatively, given the observed depen-
dence of the apparent toughness on geometry illustrated in
Fig. 6, it is also possible that there are other inﬂuencing factors.
This difﬁculty of separating out material versus structural effects
is one of the key problems with current mode III testing, and is
one that the present study hopes to address.
A limited number of toughness tests were conducted for IM7/
8552. Two tests were performed at a delamination length of
a = 31.8 mm and yielded an average toughness of GIIIc = 556 J/m2.
One test was performed at a delamination length of a = 76.2 mm
yielding GIIIc = 262 J/m2. Only a small number of specimens were
tested because the main focus of using this material was to com-
pare the damage progression test data with that of IM7/977-3.
However, in order to interpret damage progression specimen test400
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Fig. 6. Apparent GIIIc vs. delamination length for IM7/977-3.
Table 1
Delamination toughness data for IM7/977-3.
Delam. length (mm) Apparent GIIIc (J/m2) CV (%)
32 760 9.7
54 681 1.3
76 469 7.1data, it is useful to know the approximate apparent GIIIc (a) relation.
Even with the limited set of data for this material, a distinct varia-
tion of apparent GIIIc with delamination length is evident.4. Damage progression testing
Damage progression testing was performed on IM7/977-3 spec-
imens at two delamination lengths. Four specimens were tested at
a delamination length of a = 31.8 mm and three specimens were
tested at a delamination length of a = 76.2 mm. These tests were
stopped prior to the onset of delamination growth, i.e., prior to
the load plateau, but otherwise were conducted identically to the
delamination toughness tests. After testing, all specimens were c-
scanned to verify that no growth occurred.
As described previously, the goals of the damage initiation tests
were to identify the onset and progression of matrix cracking and
how this relates to delamination advance. To this end, damage pro-
gression tests were stopped at loads where the apparent GIII was
less than the apparent GIIIc obtained for specimens with the same
delamination length. The speciﬁc points at which each test was
stopped are presented in Table 2. As is evident from the table,
the value of ERR where any test was stopped was equal to or great-
er than 73% of the apparent GIIIc for that delamination length. This
range was chosen to roughly coincide with the increase in nonlin-
earity that was observed in the upper portion of the load versus
displacement plots obtained from the apparent GIIIc test specimens.
The approximate location of the lower end of this range is indi-
cated on the load versus displacement plot in Fig. 5. It is important
to note that, because of the delamination length dependency in
apparent GIIIc, tests on specimens with two different delamination
lengths that were stopped at the same percentage of their respec-
tive GIIIc were stopped at different values of apparent GIII.5. Photomicroscopy
5.1. Delamination toughness test specimens
A photomicrograph of a specimen with delamination length
a = 31.8 mm where the delamination front has advanced is shown
in Fig. 7. This photomicrograph was taken from one of the tough-
ness test specimens, and the delamination fronts of toughness test
specimens with other length delaminations look similar. The sec-
tion shown in Fig. 7 is in a region where delamination growth oc-
curred. The thick, jagged path running horizontally is the
interlaminar delamination, which is at the midplane of the speci-
men. This photomicrograph displays 12 plies of material, with
the individual plies evident above and below the plane of the
delamination. Also evident are three matrix cracks emanating from
the midplane. These matrix cracks extend both above and below
the midplane and are growing along a plane oriented at approxi-
mately 45 to the x–y plane (cf. Fig. 1). From the arrows superim-
posed on Fig. 7 indicating the loading direction – and therefore the
500 µm
Loading direction
Fig. 7. Photomicrograph of delamination front, I13-7B, a = 31.8 mm, apparent
GIIIc = 723 J/m2.
(a) 
(b) 
(c) 50.0 µm
50.0 µm
50.0 µm
Fig. 8. Photomicrographs of IM7/977-3 delamination fronts, a = 76.2 mm. (a) I13-
9T, 73% of apparent GIIIc. (b) I14-3T, 88% of apparent GIIIc. (c) I13-10T, 91% of
apparent GIIIc.
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perpendicular to the direction of the maximum principal tensile
stress near the delamination tip. Initiation of small cracks in this
orientation prior to mode III advance of a macro-crack has been ob-
served in mode III fracture of homogeneous materials and has been
attributed to the tensile stresses associated with the KIII ﬁeld (Li
et al., 2011; Palaniswamy and Knauss, 1978), where KIII is the mode
III stress intensity factor. These observations also agree with what
was observed in Johnston et al. (2014) and Czabaj et al. (2014), as
well as for the IM7/8552 specimens tested in this study (described
subsequently).
The image shown in Fig. 7 represents only a small percentage of
the specimen’s width. The complete photomicroscopic evaluation
indicates that matrix cracks are present across the entire width
of each specimen and vary in size and spacing. In the specimens
studied herein of width B = 25.4 mm and thickness 2h = 3.3 mm,
there may be anywhere from 30–80 matrix cracks visible with
lengths ranging from 0.5 to 2.3 mm. Smaller cracks are likely pres-
ent, but are not easily measurable. As discussed in Johnston et al.
(2014), there is no correlation between the delamination length
of the specimen and the number of matrix cracks, their length, or
their spacing. The section shown in Fig. 7 and those observed in
images taken from the other toughness test specimens do not dif-
fer in any signiﬁcant way from those presented in Johnston et al.
(2014). This corroborates the conclusion in this earlier work that
the presence of small intralaminar voids in the material, i.e., within
plies, does not inﬂuence the onset or location of the matrix cracks.
They also indicate that there are no apparent changes in the post-
growth damage state as a result of the redesigned load tabs.5.2. Damage progression test specimens
A series of photomicrographs obtained from damage progres-
sion specimens with delamination lengths a = 76.2 mm are pre-
sented in Fig. 8. Note that these images are at approximately ten
times higher magniﬁcation than the image in Fig. 7. The three
images in Fig. 8 are from three different damage progression test
specimens. All sections are taken just ahead of the Teﬂon insert,
and no delamination advance occured in any of these specimens.
The images are ordered based on increasing maximum GIII. This
is expressed in the ﬁgure caption as percentage of apparent GIIIc,
and the corresponding values of GIII are presented in Table 2.
The specimen shown in Fig. 8a, for which the maximum ERR
was 73% of GIIIc, primarily has matrix cracks in the resin rich inter-
layer ahead of the Teﬂon insert. In this ﬁgure, matrix cracks have
just begun to initiate. Matrix cracks are present across the middle25–75% of the specimen’s width, and are concentrated in the cen-
ter where the local ERR is highest. A few of the cracks extend one or
two ﬁber diameters into one of the adjacent plies, but the majority
are in the resin interlayer only. In general, the matrix cracks in this
specimen, and in other specimens loaded to similar levels, appear
to initiate either at the interface between a ﬁber and the matrix
material, or at small (ﬁber-diameter or less) voids within or imme-
diately adjacent to the resin-rich region between plies. For exam-
ple, the matrix crack indicated by the arrow in Fig. 8a appears to
have initiated at a small void between two ﬁbers. The stress con-
centrations associated with these small local defects provide pref-
erential initiation points for the cracks. However, the spacing of the
cracks is not dictated by the void locations, and the matrix cracks
initiate whether or not they are present. Thus, it is likely that their
presence is not affecting the results. Additionally, while the local
(a) 
(b) 
50.0 µm
50.0 µm
Fig. 9. Photomicrographs of IM7/8552 delamination fronts, a = 76.2 mm. (a) J2-5,
75% of apparent GIIIc. (b) J2-9, 100% of apparent GIIIc.
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plane based on the location or orientation of the defect, it may
be observed in Fig. 8a that the crack rapidly orients itself perpen-
dicular to the direction of maximum tensile stress.
The specimen shown in Fig. 8b was tested to 88% of GIIIc. This
ﬁgure shows the damage evolution that occurs with increasing
load. In comparison to the specimen of Fig. 8a, this specimen had
a higher number of matrix cracks, and the distribution of cracks ex-
tended closer to the edges (middle 10–90% of width) than the spec-
imen from Fig. 8a. Additionally, the matrix cracks are seen to
extend further into the plies, although they do not generally travel
more than 10 ﬁber diameters.
Fig. 8c shows a specimen that was loaded to 91% of apparent
GIIIc. Matrix cracks were visible across the full width of this speci-
men and, as may be observed in the ﬁgure, extend through entire
plies. The largest cracks were observed in the center region of the
specimen where the ERR is highest (cf. Fig. 4). Further, as can be
seen on the right side of Fig. 8c, some of the matrix cracks also have
horizontal branches that extend along the midplane. In some in-
stances these horizontal cracks intersect and connect two trans-
verse (45) cracks. However, this is not always the case, and
there are many transverse cracks that have grown into the adjacent
plies which do not have horizontal cracks associated with them.
Those horizontal cracks that do occur, which were not observed
in the specimens tested to lower loads, are the precursors to
delamination advance.
The sequence of images of Fig. 8 clearly shows how delamina-
tion advance evolves. With additional load, the entire ‘‘system of
damage’’ of Fig. 8c connects and advances to produce a state sim-
ilar to that shown in Fig. 7. Note, however, that the image in Fig. 8c
is prior to the conventional deﬁnition of delamination advance, i.e.,
as would be indicated by a plateau in the load–deﬂection response
or as evident by c-scan. Combining this image with similar images
from other damage progression specimens tested near their appar-
ent GIIIc indicates that a signiﬁcant amount of matrix cracking al-
ways occurs prior to macroscopic delamination advance, and that
near-tip matrix cracking and delamination advance are intrinsi-
cally coupled in this material.
Damage progression tests for IM7/8552 specimens were also
conducted. Two specimens at delamination lengths of
a = 31.8 mm and three specimens at delamination lengths of
a = 76.2 mm were tested. Photomicrographs of the resin interlayer
region ahead of the Teﬂon insert for specimens with delamination
lengths of a = 76.2 mm are shown in Fig. 9. Fig. 9a is at essentially
the same percentage of apparent GIIIc as the specimen shown in
Fig. 8a. The arrows in this ﬁgure point out four different cracks,
all of which appear to initiate at a ﬁber/matrix interface. The crack
sizes and spacings in this specimen were not signiﬁcantly different
from those observed in the specimen of Fig. 8a. Combined with
other images taken from the IM7/8552 damage progression speci-
mens, this ﬁgure indicates that the progression of damage is essen-
tially the same for IM7/8552 as for IM7/977-3.
Fig. 9b presents a photograph of a cross section that was
approximately 0.25 mm ahead of the insert, i.e., within the un-
cracked region, and therefore further ahead of the insert than the
images included previously. This specimen was loaded to 100% of
apparent GIIIc, i.e., the test was stopped at a value of apparent GIII
equal to 262 J/m2, the same apparent ERR at which growth oc-
curred in the delamination toughness test specimen. However,
there was no evidence of delamination growth in this specimen:
no load-plateau appeared, and a post-test c-scan did not show
any differences from the pre-test scan. The arrows in Fig. 9b are
used to show the progression of the left-most transverse crack
through its adjacent ply. Similar to Fig. 8c, some of the cracks from
the specimen in Fig. 9b showed horizontal branches at the speci-
men’s midplane, and in some instances these horizontal branchesconnected pairs of inclined cracks. Thus, the state of damage a
short distance ahead of the insert is essentially the same as that
found at the insert’s end (Fig. 8c), and clearly show that the matrix
cracks grow into the uncracked region prior to delamination
advance.5.3. Analysis
The above observations indicate that matrix cracking will al-
ways precede planar delamination growth in unidirectional SST
specimens in the materials tested and, as described below, it is
likely that this will be true for other laminated unidirectional poly-
meric matrix composites. The matrix cracks form immediately
ahead of the delamination front within the resin rich interlayer
at a load well below that required for macroscopic delamination
advance. As the load continues to increase, these cracks grow
transversely, at an inclination of approximately 45, into their
neighboring plies. Fig. 9b shows that these cracks extend at least
a small distance into the uncracked region and, although not inves-
tigated in this work, it is possible that they display the character-
istic parahelical shape (Li et al., 2011; Palaniswamy and Knauss,
1978) observed in homogeneous materials. With increasing load
these transverse cracks continue to grow through additional adja-
cent plies. Horizontal branches also initiate and grow along the
laminate’s midplane and begin to connect the transverse cracks.
Initially, these do not extend into the uncracked region a sufﬁcient
amount to be detectable by c-scan, nor do they span the entire
specimen width as viewed from the transverse cuts taken herein.
This changes with increasing load, and these precursors to
delamination advance ultimately connect and advance into the
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delamination growth. This corresponds to the sequence of events
given in Fig. 8a–c, and ﬁnally Fig. 7. We point out that it is possible
that what actually occurs is mode II advance between the trans-
verse matrix cracks in the specimen’s width-wise direction (Green-
halgh, 2009), but this was not validated in the current study. It is
clear, however, that an assumption of mode III advance of a single
planar delamination does not accurately reﬂect the physical pro-
cesses that occur.
An important observation related to the mechanistic under-
standing of the above behavior is that, in both materials used in
this study, there is a visible similarity between the damage state
in specimens with different delamination lengths that are at com-
parable percentages of their apparent GIIIc(a). For example, speci-
mens I14-10B and I13-9T (cf. Table 2) are at similar values of
apparent GIII/GIIIc and are similar in terms of both length and num-
ber of matrix cracks. Note, however, that these two specimens
were tested to very different values of apparent GIII. The same is
true for a comparison of specimens I14-12B and I14-3T. This sim-
ilarity could also be expressed in terms of the percentage of aver-
age delamination onset load at any delamination length. What is
interesting is that this correspondence cannot be expressed using
conventional linear elastic fracture mechanics (LEFM) parameters,
such as GIII or KIII, as one might expect if only matrix cracking was
responsible for the apparent dependence of toughness on delami-
nation length. However, it is important to note that the predictions
of ERR are based on an analysis that assumes an uncracked matrix,
and these predictions are therefore only valid until matrix cracking
initiates. At that point, local stress intensity factors associated with
the newly formed cracks will change the near-tip ﬁeld from that
predicted by the original analysis.
It is possible that the true initiation of matrix cracking occurs at
the same value of GIII for specimens with different delamination
lengths. This is what would be predicted by LEFM using an ap-
proach such as that employed by Leblond et al. (2011) for crack
front instability under mixed-mode I–III loading. This could not
have been deduced from the current study, however, as the lowest
load for any damage progression test was 73% of the apparent
GIIIc(a). This was done in an effort to ﬁrst establish whether or
not matrix cracks occurred prior to delamination onset. With this
established, additional study would be required to deduce the ex-
act onset point of matrix cracking.6. Implications for mode III testing
While the present study concentrated on carbon/epoxy com-
posites, it is hard to envision that the sequence of events would
be different in any unidirectional laminated polymeric matrix
composite. Fundamentally, the observations herein conﬁrm the
well-documented preference for mode I growth in homogeneous
materials, regardless of the mode mixity of the loading, and the
architecture of the reinforcing ﬁbers is such that it does not signif-
icantly alter this situation. Thus, it is likely that the mechanisms
described herein also explain the dependence of toughness on
delamination length that has been observed in unidirectional
MSCB tests (Szekrényes, 2011, 2009). For ECT tests, we note that
the laminate layup is typically chosen such that mode III delamina-
tion advance will occur along the direction of the ﬁbers of the two
bounding plies. That is, it is locally identical to the SST geometry.
One would therefore expect that ‘‘mode III growth’’ in conventional
ECT tests would proceed similarly to what was observed herein,
and this has been conﬁrmed in the parallel study by Czabaj et al.
(2014). Thus, the apparent variation in toughness with delamina-
tion length in ECT testing is also explained by the same mecha-
nisms as those observed herein. These further agree with earlierobservations in both homogeneous test specimens and in rock for-
mations containing cracks that are subjected to anti-plane shear
loadings.
In view of the above, it appears that the results of this study can
be generalized to laminated polymeric matrix composites where
the laminate’s layup is such that the orientation of the plies imme-
diately above and below the delamination are aligned with each
other and with the direction of ‘‘macroscopic delamination ad-
vance.’’ For laminates of this type that contain a preexisting planar
delamination and which are subjected to anti-plane shear loadings,
the ﬁrst fracture events that occur will consist of the initiation and
growth of cracks at an inclination of approximately 45 to the del-
aminated plane. With increasing load, these cracks will increase in
number, grow, and branch along the plane of the preexisting pla-
nar delamination. What is typically taken as the macroscopic initi-
ation event corresponds to a certain stage within the evolution and
linkage of these processes, rather than to a simple planar advance
of the delamination along its original plane. Thus, similar to what
has been observed in other materials, delamination advance in
laminated polymeric matrix composites occurs via segmentation
of the delamination front into multiple crack fronts. This produces
a relatively rough surface with a ‘‘sawtooth’’ (Pons and Karma,
2010) proﬁle that the geologic fracture literature refers to as eche-
lon cracking (Pollard et al., 1982; Roering, 1968) and the literature
on fracture of homogeneous materials refers to as being comprised
of ‘‘lances’’ (Knauss, 1970; Sommer, 1969), ‘‘river lines’’ (Hull,
1995) and/or ‘‘facets’’ (Goldstein and Osipenko, 2012; Mróz and
Mróz, 2010; Pons and Karma, 2010; Greenhalgh, 2009; Lazarus
et al., 2001).
In terms of application to delamination toughness testing, the
above mode of growth is quite different than that which is as-
sumed to occur in any current mode III test method and the asso-
ciated mechanistic model that is used to extract a mode III
delamination toughness (including the assumptions used in a com-
pliance calibration method of data reduction) and therefore inval-
idates the critical values of ERR that are obtained. In this light, the
observed variations in apparent GIIIc with delamination length in
mode III tests of laminated polymeric matrix composites are per-
haps not surprising, as a material property is not being measured.
This may also account for the lack of a direct correlation of the
damage observations to the measured variations in GIIIc(a).
The above observations have signiﬁcant implications with re-
spect to the current conceptual framework for the assessment of
toughness and the prediction of delamination growth under mode
III or mixed-mode conditions where mode III is present. While it is
possible that using other ply angles to bound the interface for
mode III testing may be used to constrain the matrix cracks to
the interlaminar region and therefore to obtain a value of GIIIc that
is independent of delamination length for some range of bounding
ply angles, in practice delamination advance will often occur under
conditions with coupled near-tip matrix cracking, and it is not
clear whether this approach will have any appreciable practical
applicability. Further, considering the strong dependence of the
apparent toughness on test geometry for those bounding ply an-
gles where coupled matrix cracking occurs, at present (i.e., unless
this can be resolved), approaches that express toughness as a func-
tion of bounding ply angle, such as those used in modes I and II
(Davidson, 2010), cannot be employed.7. Conclusions
The progression of damage in a mode III delamination tough-
ness test was examined to determine if transverse matrix cracks
initiate prior to planar advance of a preimplanted interlaminar
delamination. To this end, specimens from two different carbon/
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test geometry compared to that introduced previously. A series
of tests examining damage progression found that the ﬁrst inelas-
tic event consists of the initiation of near-tip matrix cracks within
the resin rich region between plies. These cracks were inclined to
the direction of loading and were perpendicular to the direction
of maximum tensile stress. With increasing load, they were ob-
served to extend into the neighboring plies above and below the
plane of the delamination as well into the uncracked region ahead
of the original delamination front. A network of crack branches
that were essentially parallel to the delamination front was also
observed to develop. All of these processes occurred prior to any
observations or indications of planar delamination advance. Thus,
what has heretofore been referred to as ‘‘mode III advance’’ in lam-
inated composites actually reﬂects an intrinsically coupled process
of near-tip matrix crack formation and growth that occurs prior to
any advance of the planar macrocrack, and is quite similar to pro-
cesses previously identiﬁed in homogeneous and geologic
materials.
As a direct consequence of the above, ERR predictions that are
based on any mechanistic model or set of assumptions that consid-
ers an uncracked matrix will no longer be accurate once any appre-
ciable amount of near-tip damage has occurred. This will likely
always occur prior to macroscopic growth for unidirectional SST
and MSCB specimens and for ECT specimens using conventional
stacking sequences that are fabricated from continuous ﬁber poly-
meric matrix composites. This may explain – or strongly contribute
to the explanation of – the observed dependence of test geometry
on the apparent mode III toughness that has been reported in the
literature for these three test methods. Further, the fact that the
nature of mode III advance in laminated polymeric composites is
quite different from that which has heretofore been assumed has
important philosophical and practical ramiﬁcations on approaches
for assessing toughness and predicting delamination growth in
these materials.Acknowledgments
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